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Summary
Clathrin-mediated endocytosis is driven by a complex ma-
chinery of proteins, which assemble in a regular order at
the plasma membrane [1–3]. The assembly of the endocytic
machinery is conventionally thought to be a continuous
process of mechanistically dependent steps, starting from
a defined initiation step. Indeed, several initiation mecha-
nisms involving single proteins have been proposed in
mammalian cells [4, 5]. Here, we demonstrate that the initia-
tionmechanism of endocytosis is highly flexible. We disrup-
ted the long early phase of endocytosis in yeast by deleting
seven genes encoding early endocytic proteins. Surpris-
ingly, membrane uptake and vesicle budding dynamics
were largely normal in these mutant cells. Regulated cargo
recruitment was, however, defective. In addition, different
early endocytic proteins were able to initiate vesicle budding
when anchored to a plasma membrane domain where endo-
cytosis does not normally take place. Our results suggest
that the cargo-recruiting early phase is not mechanistically
required for vesicle budding, but early-arriving proteins
can recruit the budding machinery into position at the
plasma membrane. Separable early and late phases allow
for a robust process of vesicle budding to follow from vari-
able initiation mechanisms. Such a modular design could
easily adapt and evolve to respond to different cellular
requirements.
Results
In yeast Saccharomyces cerevisiae, the endocytic proteins
arrive at the plasma membrane in a defined temporal order,
which has allowed the endocytic proteins to be classified
into groups based on their arrival time at the endocytic site
[2, 6]. The different early proteins arrive at the endocytic site
at approximately the same time [7]; however, none of these
are individually essential for endocytic site initiation [7–9].
Therefore, the identity of a potential endocytic initiator protein
has remained an open question [10].
The Long Early Phase of Endocytosis Is Not Required for
Initiation
Using a genetic approach in Saccharomyces cerevisiae, we
aimed to identify potentially redundant initiation factors
among proteins that have been shown to arrive early to the
endocytic site [7]. These proteins include Syp1 (the homolog
of mammalian FCHo1/2), Ede1 (the homolog of Eps15),
Yap1801/2 (homologs of AP180/CALM), Apl1 (whose deletion2These authors contributed equally to this work
*Correspondence: kaksonen@embl.dedisrupts the entire AP-2 complex), andPal1 (a fungal endocytic
protein).We additionally included Pal2 (Yhr097c), a homolog of
Pal1 resulting from whole-genome duplication, as a candidate
early protein, although its role in endocytosis has not been
confirmed. We combinedmultiple deletions of these early pro-
teins to uncover potential redundancies for the initiation role.
Although clathrin is an early protein, we did not include it
because clathrin deletion alone leads to a severe growth
defect, likely due to its involvement in multiple trafficking
pathways [11]. Clathrin is not required for the initiation of endo-
cytosis in yeast [7], and it is unable to bind to the plasmamem-
brane directly [12], so it is unlikely to independently initiate the
assembly of an endocytic site. Surprisingly, we were able to
generate a strain with the genes for all seven candidate pro-
teins deleted (ede1D, yap1801D, yap1802D, apl1D, syp1D,
pal1D, pal2D). This 7D strain grewwell at 30Cbut had a strong
growth defect at 37C (Figure 1A).
In order to determine whether these seven early proteins
were required for initiation of endocytosis, we visualized the
well-established endocytic markers Sla1 and Abp1 with fluo-
rescent tags. Sla1 is a coat-associated protein, and Abp1 is
a component of the endocytic actin cytoskeleton. In the 7D
strain, these proteins still formed cortical patches, which
is the characteristic localization of endocytic proteins (Fig-
ure 1B). Furthermore these two proteins assembled and disas-
sembled in the normal order, with Sla1-GFP arriving before
Abp1-mCherry (Figure 1C; Movie S1 available online) (in the
wild-type 95% [n = 74] and in the 7D strain 93% (n = 80) of
observed Abp1 patches were preceded by a Sla1 patch). In
addition, tracking the movement of Sla1-GFP patches showed
that in both the 7D and the wild-type strain Sla1 first accumu-
lated on the plasma membrane and then moved into the cell
(Figure 1D; Movie S1) (in the wild-type 98% (n = 55) and
in the 7D strain 97% (n = 58) of observed Sla1 patches were
internalized), suggesting that vesicle budding can still occur.
Although endocytic sites could assemble in the 7D strain, we
found that Sla1 patches were less abundant than in the wild-
type cells (Figures S1A and S1B). Taking into account the den-
sity and the lifetime of Sla1 patches, we found a 22%decrease
in the rate of patch formation per plasma membrane area in
the 7D cells. Consistent with the reduced number of endocytic
events the cytosolic concentration of Sla1-GFP in the 7D
strain, asmeasured by fluorescence correlation spectroscopy,
was three times higher than that of the wild-type strain (wild-
type = 2116 53 nM, 7D = 6386 71 nM, mean6 SD, n = 17 cells
for each strain). The seven early proteins therefore seem to
facilitate the establishment of endocytic sites; however, none
of them are individually or cooperatively required for endocytic
site initiation.
In wild-type cells, the early proteins and the intermediate
proteins Sla2, Ent1, and Ent2 define the endocytic site for a
time period that varies from 60 to 180 s. This first period is fol-
lowed by amore regular time period of about 35 s during which
late coat proteins, the actin cytoskeleton and actin regulators
join the early and intermediate proteins, and vesicle budding
occurs [6] (Figure 1E). We call these two time periods here
early and late phases and use the arrival of the late coat protein
Sla1 as a marker for the beginning of the late phase.
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Figure 1. Endocytic Site Assembly Can Occur in the Absence of the Early Phase
(A) Dot spot assays to assess the growth of wild-type (WT) and 7D strains at 30C and 37C.
(B) Fluorescencemicroscopy images ofWT and 7D cells expressing Sla1-GFP and Abp1-mCherry. Note the polarized distribution of cortical patches in both
strains. Scale bar, 5 mm.
(C) The assembly and disassembly of Sla1-GFP and Abp1-mCherry at individual endocytic sites imaged in living WT and 7D cells. Images were taken using
epifluorescence.
(D) Tracks of individual Sla1-GFP patches in WT and 7D strains. Green dots indicate the initial position and red dots the final position. The traces are
orientated with the cell membrane at the top and the interior of the cell at the bottom.
(E) A timeline of the endocytic machinery assembly process. The approximate lengths of early and late phases and the approximate arrival times and
lifetimes at the endocytic site of the proteins discussed in this study are shown. The proteins deleted in the 7D strain are highlighted in orange.
(F) The assembly and disassembly of the indicated fluorescently tagged proteins at individual endocytic sites imaged in livingWT and 7D cells. Images were
taken using TIRF microscopy.
(G) A scheme of the approximate arrival times and lifetimes of the examined proteins in the 7D strain, which indicates the disruption of the early phase.
See also Figure S1 and Movie S1.
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549We wanted to assess how the remaining proteins that nor-
mally arrive during the early phase behaved in the 7D strain.
We therefore visualized Chc1-GFP, Ent1-GFP, and Sla2-GFP
in relation to Sla1-mCherry, which served as a reference for
the beginning of the late phase. All three proteins were pre-
sent at endocytic sites in both wild-type and 7D strains. (In
the wild-type cells, Chc1-GFP, Sla2-GFP, or Ent1-GFP
patches were observed at 93% [n = 83], 90% [n = 82], or
98% [n = 89], respectively, of Sla1-mCherry patches. In the
7D, they were observed at 93% [n = 82], 94% [n = 82], or
99% [n = 89] of Sla1-mCherry patches.) The patch lifetimes
of all four proteins, including Sla1, decreased in the 7D strain;
however, the lifetimes of Chc1, Sla2, and Ent1 patches weredrastically reduced (Figures 1F and S1C). In the 7D strain,
Chc1, Sla2, and Ent1 arrived almost simultaneously with
Sla1, at the beginning of the late phase, whereas in the wild-
type strain they arrived around 50 s before Sla1 (Figure S1D).
The mechanism of protein recruitment and the exact molecu-
lar composition of the endocytic sites in the 7D strain remain
unknown. It is, however, clear that although clathrin, Sla2, and
Ent1 still assembled at the endocytic site, the long period of
time, which characterizes the early phase in wild-type cells,
was greatly truncated in the 7D strain (Figure 1G). These
results suggest that the long early phase is not required for
endocytic initiation or for the assembly of the endocytic
machinery during the late phase.
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Figure 2. Endocytic Sites in the 7D Strain Are Functional in Membrane Uptake but Not in Selective Protein Cargo Recruitment
(A) Images of WT, 7D, and sla2D cells at 0 and 30 min after incubation with FM4-64 6 latrunculin A (LatA). Scale bar, 5 mm.
(B) Quantification of FM4-64 uptake in WT, 7D, and sla2D cells after incubation with FM4-64 for the indicated time periods (mean over three repeat exper-
iments 6SD). At least 37 cells were tested for each condition. a.u., arbitrary units.
(C) Images of Dip5-GFP in WT and 7D strains at 0, 30, and 60 min after addition of glutamic acid. Scale bar, 5 mm.
(D) Quantification of the fluorescence intensity of Dip5-GFP at the plasmamembrane at 0, 30, and 60min after glutamic acid addition (mean6 SEM, p values
from t test). At least 14 cells were tested for each condition.
See also Figure S2.
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Uptake but Has a Role in Regulated Endocytosis of Protein
Cargo
To test whether endocytic sites in the 7D strain were functional
in endocytosis, we first assessed the capacity of these cells to
take up membrane using the fluorescent membrane dye FM4-
64. In both the wild-type and 7D cells, FM4-64 was internalized
at a similar rate (Figures 2A and 2B). Conversely, deletion of the
gene encoding Sla2, a protein critical for endocytic vesicle
budding during the late phase [13], led to an almost complete
block of FM4-64 uptake (Figures 2A and 2B). FM4-64 uptake
was also blocked in all tested strains by treatment with
latrunculin A, an actin polymerization inhibitor that blocks
actin-dependent clathrin-mediated endocytosis in yeast [14]
(Figure 2A). These results suggest that the long early phase,
which is disrupted in the 7D cells, is not required for vesicle
budding and membrane uptake.
We next investigated the uptake of protein cargo in these
strains using the transmembrane amino acid permease
Dip5. Dip5-GFP was localized at the plasma membrane and
in internal membrane compartments in both the wild-type
and the 7D strains suggesting that they were able to take
up Dip5 effectively (Figure S2). This is in contrast to the
aly2D strain in which Dip5 endocytosis is blocked [15], as
seen by a lack of internal membrane compartments marked
by Dip5-GFP (Figure S2). These results suggest that the early
phase is not essential for the uptake of Dip5. The rate of Dip5endocytosis is regulatable and can be increased by the
addition of its ligand glutamic acid in the growth medium
[15]. To monitor this induced endocytosis quantitatively,
we measured the level of Dip5-GFP fluorescence at the
plasma membrane at different time points after induction.
The plasma membrane level of Dip5 dropped significantly
after induction in wild-type but not in 7D cells (Figures 2C
and 2D). These data suggest that the early phase is involved
in the regulation of cargo uptake, possibly by providing
a time window during which specific cargo can be accumu-
lated at the endocytic site.
Different Early Proteins Can Recruit the Vesicle Budding
Machinery
If cargo is recruited and clustered during the early phase [16],
then the proteins present in the early phase should be able to
recruit the later-arriving proteins in order to induce vesicle
budding from this position. Using the 7D strain, we showed
that endocytic sites could form when the long early phase
was disrupted. We wanted to test if different early proteins
can initiate endocytic sites and thereby determine the loca-
tion of vesicle budding. In order to do this, we took advantage
of the fact that endocytosis is excluded from eisosomes,
which are stable protein structures associated with the yeast
plasma membrane [17, 18]. We used FRB and FKBP do-
mains, which form stable dimers in the presence of rapamy-
cin [19], to anchor different early proteins to eisosomes [20].
EA B
C
F
D
Figure 3. Early-Phase Proteins Can Determine the Localization of Endocytosis
(A and B) Images of cells expressing Pil1-mCherry-FKBP and indicated GFP-tagged early proteins plus indicated FRB-tagged proteins. Images were taken
before or 10 min after rapamycin addition. Intensity profiles of the GFP and mCherry signals between the two white points are shown below each image to
illustrate the degree of colocalization. Scale bar, 2 mm.
(C) Maximum projections of two-color movies of cells expressing Pil1-mCherry-FKBP and indicated late-arriving GFP-tagged proteins. Movies were taken
before or 10 min after rapamycin addition over 160 s (Ede1-FRB) or 240 s (Apl1-FRB, Syp1-FRB, Yap1802-FRB) at 4 s/frame. Scale bar, 2 mm.
(D) Quantification of the distance of individual Sla1-GFP patches to the nearest Pil1-mCherry-FKBP patch (mean 6 SD; n = number of analyzed patches;
p values of t test).
(E) Tracks of individual Sla1-GFP patches after recruitment to eisosomes. Tracks are displayed as in Figure 1D.
(F) The assembly and disassembly of Ede1-GFP and Sla1-mCherry patches at individual endocytic sites in a strain expressing Apl1-FRB, Syp1-FRB,
Yap1802-FRB, and Pil1-FKBP. Images were taken before and 10 min after addition of rapamycin using TIRF microscopy.
See also Figure S3 and Movies S2 and S3.
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some component Pil1 to mCherry and FKBP. We then tested
whether the anchoring of the FRB-tagged proteins to eiso-
somes upon rapamycin addition resulted in recruitment of
other GFP-tagged endocytic proteins. As expected, before
rapamycin addition there was little colocalization between
the GFP-tagged endocytic proteins and Pil1-mCherry-FKBP
(Figures 3A and 3C). Anchoring of the early adaptors Apl1-
FRB, Syp1-FRB, or Yap1802-FRB to eisosomes resulted
in colocalization of the early scaffold protein Ede1-GFP and
Pil1-mCherry-FKBP (Figures 3A and S3A). In a strain in whichall three early adaptors were anchored simultaneously to
eisosomes, there was an even greater overlap of the Ede1-
GFP and Pil1-mCherry-FKBP signals (Figures 3A and S3A).
The maximum localization effect was reached around
10 min after rapamycin addition and then remained stable
(Movie S2). These results showed that the early proteins
contribute additively to Ede1 recruitment. We also tested
the reciprocal ability of Ede1 to recruit other early proteins.
When Ede1-FRB was anchored to Pil1-mCherry-FKBP the
GFP-tagged adaptors, Apl1, Syp1, and Yap1802 were re-
cruited to eisosomes (Figures 3B and S3B). Clustered early
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552proteins are thus able to recruit each other to a nonendocytic
membrane domain, suggesting cooperativity and flexibility in
their assembly.
After recruitment to the eisosomes, the patches of GFP-
tagged early proteins did not assemble and disassemble peri-
odically over time as is expected during endocytosis but
instead remained persistent at the site (Figure S3C). We there-
fore wanted to determine whether the early proteins clustered
at eisosomes could also recruit later-arriving proteins and if
this led to functional endocytosis. We anchored either Ede1-
FRB or the three early adaptors (Apl1-FRB, Syp1-FRB, and
Yap1802-FRB) to Pil1-mCherry-FKBP and followed the local-
ization of the GFP-tagged proteins Sla1, Abp1, or Las17,
which normally arrive during the late phase. In all of these
cases, most of the GFP-tagged protein patches formed in
direct vicinity to eisosomes upon rapamycin addition in
contrast to the dispersed patch distribution in the absence
of rapamycin (Figure 3C; Movie S2). There was, however,
no exact colocalization between these GFP-tagged protein
patches and the eisosomes as was observed for the GFP-
tagged early proteins. To quantify these observations, we
measured the distance between the centroids of GFP-tagged
protein patches and the nearest eisosome. Indeed, the clus-
tering of early proteins to eisosomes by rapamycin addition
resulted in a highly significant decrease in the average dis-
tance between Sla1-GFP patches and the nearest eisosome
(Figure 3D). This distance was, however, significantly greater
than the distance between Ede1-GFP patches and the nearest
eisosome upon rapamycin addition (Figure S3D), suggesting
that the position of vesicle budding does not exactly overlap
with the distribution of early proteins recruited to the eiso-
somes. Additionally, in contrast to the persistent patches
formed by the early proteins after recruitment to eisosomes
the patches of the later-arriving proteins were transient
(Figure S3C). Importantly the normal internalization of Sla1
patches (Figure 3E) and the uptake of FM4-64 (Figure S3E)
suggested that endocytosis was functional at these endocytic
sites.
To directly examine the differences in positioning and life-
times of early- and late-arriving proteins after recruitment to
eisosomes, we visualized Ede1-GFP with Sla1-mCherry after
anchoring of Apl1-FRB, Syp1-FRB, and Yap1802-FRB to
Pil1-FKBP. In this case, the Sla1-mCherry patches formed
adjacent to the persistent Ede1-GFP patches (Figure 3F;
Movie S3). We speculate that the assembly of the vesicle
budding machinery requires an accessible membrane. The
dense eisosome structure may mask the membrane [21],
locally preventing vesicle budding and leading to the differ-
ence in distribution of the early and later-arriving proteins
with regard to the eisosomes. Interestingly, even in the
presence of latrunculin A, Sla1-GFP patches recruited to
eisosomes by Apl1-FRB, Syp1-FRB, and Yap1802-FRB did
not directly overlap with the Pil1-mCherry-FKBP signal (data
not shown), suggesting that the eisosome structure locally
prevents the assembly of the budding machinery even when
uncoupled from membrane bending. We also tested the
localization of Yap1802-GFP, an early protein known to
internalize during vesicle budding [7], after recruitment to
Pil1-mCherry-FKBP with Ede1-FRB. This protein remained
persistent at the eisosomes but some of it was also internal-
ized (Figure S3F). This observation suggests that although
the distributions of early- and late-arriving proteins differ
they are partially overlapping. Interestingly, several Sla1
patches assembled at the side of persistent Ede1 patchesover time, forming endocytic ‘‘hot spots’’ similar to those
seen in mammalian cells [22–24].
Taken together, our results show that, although vesicle
budding can occur when the long early phase is disrupted
(7D strain), the position of budding can be determined by clus-
tered early proteins. Different combinations of early proteins
anchored at the eisosomes could initiate endocytosis indi-
cating that initiation is flexible in regard to the initiating protein.
Discussion
Our results demonstrate remarkable flexibility in the initiation
mechanism of endocytosis. The classical view of endocytosis
as a continuous sequence of tightly coupled steps suggests
the presence of a defined initiation step. Several such initia-
tion mechanisms have been proposed in mammalian cells
including membrane bending by FCHo proteins [4] or the as-
sembly of the first molecules of AP-2 and clathrin [5]; however,
there is no consensus on the mechanism of initiation [10].
Here, we suggest that a variety of early adaptor proteins could
share the initiation function. We found that although endocytic
sites were still initiated in a strain lacking seven known or po-
tential early proteins, the clustering of a variety of these early
proteins at the plasma membrane was sufficient to initiate
the assembly of endocytic sites.
Our 7D strain resulted in the disruption of the long early
phase, suggesting that it is not essential for the assembly of
the late-arriving proteins, vesicle budding, or cargo uptake.
Our data on Dip5 endocytosis, however, suggest that the early
phase provides a time period during which the regulated
recruitment and clustering of cargo can take place. This is in
agreement with the fact that many proteins that are present
during the early phase contain cargo-binding motifs and that
cargo has been shown to arrive at the endocytic site during
the early phase [7, 16, 25, 26].
In wild-type cells, a varying composition of early adaptor
proteins during the early phase will affect the cargo that is
clustered during this time. We demonstrated that the budding
machinery could be recruited to endocytic sites that were initi-
ated by different early proteins. The robust recruitment of the
budding machinery, independent of the early adaptor compo-
sition, is important to ensure that the cargo selected during
the early phase gets loaded into the vesicle formed during
the late phase.
Interestingly, when the early phase was disrupted, endo-
cytic events were still concentrated in the budding cell sug-
gesting that the remaining endocytic proteins are still able to
respond to an unknown polarization signal. It is possible that
cargo or lipid gradients favor the assembly of the initiating
adaptor proteins in the bud [10].
The transition between the early and late phases of endo-
cytosis has been suggested to be controlled by a cargo check-
point in both yeast and mammalian cells, so that vesicle
budding only occurs when enough cargo is present [7, 27–
29]. A potential mechanism for this checkpoint could be that
the recruited cargo molecules activate the ability of the early
endocytic proteins to initiate the late phase. Interestingly, the
early phase is shorter in the growing daughter cell compared
to the mother cell, possibly due to a higher concentration of
cargo in the daughter cell [30]. In 7D cells, when the long early
phase was disrupted, the cargo checkpoint may be inactive so
that the budding machinery is free to assemble regardless of
the amount or type of cargo present. The molecular mecha-
nisms of this control remain to be elucidated.
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multiple budding events around early protein patches similar
to those seen at endocytic ‘‘hot spots’’ in mammalian cells
[22–24]. The formation of these hot spots is difficult to explain
by a linear model, in which each initiation event leads to the
budding of a single vesicle. It can, however, be easily under-
stood considering that early proteins can initiate the vesicle
budding process but are not integrally coupled to it and can
therefore remain at the plasma membrane to initiate multiple
budding events.
Because the molecular events during the early phase are
not mechanistically required for vesicle budding during the
late phase, the initiation step of endocytosis can be highly
flexible and evolvable depending on the organism, cell type,
or physiological state of the cell.
Experimental Procedures
Yeast Strains and Growth Conditions
All yeast strains used are listed in the Supplemental Experimental
Procedures. Strains were grown in standard rich medium (yeast extract/
peptone/dextrose) or synthetic complete medium without tryptophan
(SC-Trp) for microscopy. All fusion proteins and deletions were generated
by homologous recombination into the endogenous gene locus as previ-
ously described [20, 31]. In all cases, enhanced GFP or mCherry were
used as fluorescent tags.
Live-Cell Microscopy
Live-cell epifluorescence imaging was performed at room temperature
using an Olympus IX81 microscope. Total internal reflection fluores-
cence (TIRF) microscopy was carried out using a custom-built TIRF setup
attached to the Olympus IX81 microscope. Fluorescence correlation spec-
troscopy data were recorded on a Leica SP2 confocal microscope.
Supplemental Information
Supplemental Information includes Supplemental Experimental Proce-
dures, three figures, and three movies and can be found with this article
online at http://dx.doi.org/10.1016/j.cub.2014.01.048.
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